Abstract. We find that foreshocks provide clear evidence for an extended nucleation process before some earthquakes. In this study, we examine in detail the evolution of six California foreshock sequences, the 1986 Mount Lewis (ML = 5.5), the 1986 Chalfant (ML = 6.4), the 1986 Stone Canyon (ML = 4.7), the 1990 Upland (ML = 5.2), the 1992 Joshua Tree (Mw= 6.1), and the 1992 Landers (Mw = 7.3) sequence. Typically, uncertainties in hypocentral parameters are too large to establish the geometry of foreshock sequences and hence to understand their evolution. However, the similarity of location and focal mechanisms for the events in these sequences leads to similar foreshock waveforms that we cross correlate to obtain extremely accurate relative locations. We use these results to identify small-scale fault zone structures that could influence nucleation and to determine the stress evolution leading up to the mainshock. In general, these foreshock sequences are not compatible with a cascading failure nucleation model in which the foreshocks all occur on a single fault plane and trigger the mainshock by static stress transfer. Instead, the foreshocks seem to concentrate near structural discontinuities in the fault and may themselves be a product of an aseismic nucleation process. Fault zone heterogeneity may also be important in controlling the number of foreshocks, i.e., the stronger the heterogeneity, the greater the number of foreshocks. The size of the nucleation region, as measured by the extent of the foreshock sequence, appears to scale with mainshock moment in the same manner as determined independently by measurements of the seismic nucleation phase. We also find evidence for slip localization as predicted by some models of earthquake nucleation.
Introduction
A key question in earthquake source mechanics is how do earthquakes begin. Do big earthquakes begin in the same manner as small earthquakes, or is there something different about the initiation process of large versus small events? If there is a difference, then large earthquakes may be predictable. Otherwise, earthquake prediction might require more detailed knowledge of the stress and strength distributions on faults than we are ever likely to have. Experimental and theoretical work [e.g., Das and Scholz, 1981; Dieterich, 1986 Dieterich, , 1992 ; Ohnaka, 1992; Yamashita and Ohnaka, 1991 ] indicates that earthquakes should be preceded by quasi-static slip within a nucleation zone. If real earthquakes begin this way and if the slip extent of the nucleation zone is sufficiently large, then it might be possible to detect the nucleation process. Observations to date have failed to detect direct evidence of the nucleation process such as a strain signal generated by aseismic slip prior to earthquakes [ Johnston et al., changes causes triggering, there need be no causative relation between the foreshock stress changes and the mainshock occurrence. Dodge et al. [ 1995] estimated the stress change at the Landers mainshock hypocenter, due to the foreshocks and found that the foreshocks acted to de-stress the mainshock. However, our original point estimate of the stress change did not include the uncertainties in the hypocentral parameters. In this study, we extend our analysis to produce Stress-change distribution functions, consider the possible role that pore fluid effects can play in the failure process, and analyze five other California foreshock sequences to see whether the Landers results generalize to other earthquakes.
Relocation Procedure
The first step in studying the mechanics of foreshocks is to obtain accurate locations. This process requires improving the velocity model, minimizing errors in arrival picks, and obtaining a sufficient number and azimuthal distribution of observations to make the hypocentral estimation problem well constrained. Since only relative locations are required in our case, the problems with the velocity model can be minimized by using the arrival times to simultaneously estimate hypocenters, velocity model corrections, and station corrections. The foreshocks occupy small volumes so the ray paths are similar, and almost all the unmodeled velocity structure can be absorbed in the station corrections. We use the VELEST earthquake location program [Ellsworth, 1977; Roecker, 1981 ] to estimate velocity model and station corrections.
We use waveform cross correlation to minimize pick errors and to obtain additional P and S wave arrival picks. Both time domain and frequency domain cross correlation techniques have been used to produce high-precision relative earthquake locations by Poupinet et al. [1984] , Fremont and Malone [1987] , Deichrnann and Garcia-Fernandez [1992] , and Dodge et al. [1993] . Although the foreshock sequences we analyze are compact, there is typically enough waveform diversity within a sequence that no single event can be found that correlates well with all (or even most of) the other foreshocks. Our first solution to this problem [Dodge et al., 1995] was to use a technique developed by VanDecar and Crosson [1990] for determining relative arrival times of teleseisms recorded by a regional seismic network. This technique uses the cross correlations between all pairs of signals with a weighted least squares adjustment of the corresponding shifts to determine an optimum set of arrival time corrections and estimates of the errors in the resulting adjusted picks.
Although we had considerable success with the least squares approach, it has limitations. Often, the seismograms from a given sequence form distinct groups, highly similar within each group, but very different from group to group. If we attempt to adjust all seismograms simultaneously, we encounter problems with cycle skipping. Also, the seismograms of the larger earthquakes in each sequence are often strongly clipped, and their arrivals must be picked by hand. The results must be carefully inspected for consistency, or the larger event locations may be systematically skewed relative to the smaller events. Our current repicking algorithm first identifies groups of similar seismograms within a sequence and then allows interactive picking of the first arrival for the single seismogram with the highest signal-to-noise ratio in each group. These picks are then fixed, and the remaining group members adjusted by least squares.
One of the major advantages claimed for cross-correlationderived picks has been that one can achieve subsample precision [Poupinet et al., 1984; Fremont and Malone, 1987] . For instance, if the seismograms are digitized at 100 samples per second, the cross-correlation times may have a relative precision of the order of 1-2 ms. In the absence of other sources of error this precision implies relative source location errors of a few tens of meters at most. By introducing hand picks, it might appear that we throw away all the gains in accuracy obtained with cross correlation; however, in our experience, cross correlation reduces errors on two levels. The first and most dramatic improvement in accuracy is from the reduction or elimination of pick errors in excess of one sample. By analogy with the example just cited, this level of timing precision can limit source location errors to about 100 m. At this level, cross correlation is essentially a tool to correct pick errors. Impulsive arrivals with high signal-to-noise ratios are generally picked quite precisely by network analysts. However, as the signal-to-noise ratio decreases, the arrivals become increasingly indistinct until, at some point, the trace i• not used.
Within that region of decreasing usability, pick errors in excess of one sample are common, and our technique removes this error. Within groups we are able to achieve subsample timing precision. However, since groups of seismograms are tied together by hand picks, the relative positions of the groups are not as well determined as the relative position of seismograms within a group. Figure 1 illustrates the results of this process. These are two groups of seismograms ranging in magnitude from 0.9 to 2.0. For each group, the trace marked with an upward pointing arrow has a clear arrival and the other picks are chosen relative to that arrival. In ensemble, all the picks make sense. However, if these traces were picked in isolation, it is likely that the picks would scatter by at least several hundredths of a second relative to the picks shown. Some of the traces might not have been picked at all by the network analysts, in which case we gain additional observations through cross-correlation picking. Figure 1 is also intended to show how picking the P wave arrivals in ensemble can help improve the quality of the focal mechanism determinations. By observing all the traces of a group simultaneously, one can easily identify and repair missing or discrepant polarity assignments. Figure 2 shows an example of the hypocenter location improvement resulting from our repicking process. Each panel shows the seismicity relocated by joint hypocenter determination (JHD) using network picks from the Northern California Earthquake Center (NCEC) database (top), and the same seismicity relocated by JHD using cross-correlation picks (bottom). Both sets of locations indicate a rather narrow, N-S trending set of epicenters, but only the second set of locations suggests the change in strike about 1 km from the southern end and the subsidiary branch of seismicity to the northwest. Note that even though there are over 800 additional observations in the second set of locations, the average residual is about half that of the first set of locations. This is a clear indication of the greater consistency of the observations in the second set of locations. The foreshock sequences analyzed in this study have all been relocated using high-precision picks, and in every case the resulting locations have significantly lower average residuals and smaller standard errors than locations made using uncorrected picks. The average strike of the immediate foreshocks and mainshock is 0 ø, with a standard error of 6 ø The agreement between the strike from the. seismicity and the strike from the focal mechanism determinations is good (for the swarm 1 events 351ø, versus 350% and for the swarm 2 events, 1 o versus 0ø). synchronize the two network time bases and merge the data sets, thus providing better constrained solutions than would have been possible using either data set individually. Figure 9 shows the relocated foreshocks. Figure 9 (left) shows a cross section looking to the NE along the strike of the principal foreshock. Figure 9 (right) is a cross section looking to the SE (90 ø clockwise relative to the first cross section). The early foreshocks are nearly all shallow, and they appear to form a nearvertical plane. However, this fault geometry cannot be verified from the focal mechanisms since these events were mostly too small to determine well-constrained focal mechanisms. The later foreshocks nearly all dip to the NW at about 60 ø and are as deep as or deeper than the principal foreshock. The two early events for which we calculated focal mechanisms dip to the NW at about 60 ø , much the same as the later foreshocks. The later foreshocks appear to define two subparallel fault strands. The principal foreshock is offset about 400 m to the SW from most of the other foreshocks. However, the largest of the foreshocks to the principal foreshock, a ML = 3.9 event, is nearly collocated with the principal foreshock hypocenter. This foreshock sequence appears to be another example of earthquake nucleation at a fault zone irregularity. The principal foreshock hypocenter is at a depth of about 6 km, the depth where the change in dip (based on seismicity) occurs. Nearly all the large foreshocks of the sequence occurred within 250 m of that apparent change in dip.
Upland Sequence
The 1990 Upland, California, earthquake (M L = 5.2) was a predominantly left-lateral, strike-slip earthquake that occurred on the San Jose fault [Hauksson and Jones, 1991] . This was the second of a pair of moderate earthquakes that occurred at nearly the same location within two years of each other. The first was a M L = 4.6 event that occurred about two km to the southwest and about 4 km deeper, also apparently on the San Jose fault [Hauksson and Jones, 1991 ] . The 1990 earthquake was preceded by three foreshocks on the same day, as well as by four other foreshocks that occurred within 20 days prior to the mainshock. The relocated seismicity is shown in Figure 10 . The foreshock sequence is distinguished from the other sequences examined in this study in that although the foreshocks were tightly clustered, their hypocenters were well removed (> 2 km) from the mainshock hypocenter. It is difficult to infer much about the geometry of the San Jose fault in the hypocentral region from the limited data of the foreshock sequence. However, Hauksson and Jones [1991] 
Stress Change Calculations
The next step in analyzing the mechanics of these foreshock sequences is to use our knowledge of the foreshock hypocentral parameters to attempt to discriminate between models of foreshock generation. We consider two models; a cascade model and a preslip model. In the cascade model (Figure 13a Figure  14 shows an example set of data distributions generated using this approach. [1995] for this earthquake.
Discussion
For four of the six sequences the sign of the Coulomb stress distribution suggests that the mainshock was not triggered by stress changes from the foreshocks, at least at the 80% confidence level. At Upland the sign of the Coulomb stress distribution was consistent with triggering, but the stress changes were so small that they were probably unimportant in triggering the mainshock. Only the Mount Lewis foreshocks have Stresschange distributions clearly consistent with triggering of the mainshock by its foreshocks.
Pore fluids can accelerate the growth of cracks in silicates through stress corrosion [Scholz, 1990] . If increases in pore pressure increase the rate of stress corrosion, then even though there was a net stress decrease at Stone Canyon and Chalfant, the foreshocks might have indirectly triggered the mainshock by increasing the rate of stress corrosion. However, whether such a pressure dependence in the stress corrosion rate exists is unknown [Meredith and Atkinson, 1983], and even if it does exist, the Landers and Joshua Tree foreshock sequences caused the pore pressure to decrease at their mainshock hypocenters. For these sequences, no triggering mechanism involving static stress changes or pore fluid changes seems appropriate.
It may be that the relation of foreshocks to the mainshock is extremely variable and that some of the time, foreshocks trigger the mainshock and some of the time they do not. That possibility cannot be rejected based on the results of this study. It is also worth noting that our analysis is for the static effects in an isotropic earth. If, for instance, high-pressure fluid were preferentially communicated through the fault zone, it might trigger the mainshock even though our analysis indicates that should not happen. It is also possible that dynamic stresses from the foreshocks could weaken the fault near the mainshock hypocenter, thereby allowing slip at lower driving stress. Despite these limitations our results suggest that theories of foreshock generation requiring the static stress changes from the foreshocks to trigger the mainshock in a kind of cascading failure are not universally applicable. Apart from the Mount Lewis example, the evidence for this kind of triggering is weak, at best, and the evidence against is strong, particularly in the Joshua Tree example.
Several authors [Das and Scholz, 1981; Dieterich, 1992; Ohnaka, 1992] have proposed that foreshocks are simply a byproduct of an aseismic nucleation process. This viewpoint is based on theoretical modeling and laboratory simulation of earthquake nucleation showing that the dynamic instability is preceded by a period of stable sliding within a small patch around the eventual hypocenter. In these models, foreshocks are incidental to the nucleation process and occur on asperities within the nucleation zone that fail from the load imposed by the ongoing creep around them. If the nucleation zone is homogeneous in strength and stress, there are no foreshocks. Because the foreshocks are incidental to the nucleation process in this model, the stress changes from the foreshocks are not required to have any particular relation to the mainshock failure mechanism. If the fault is planar within the nucleation region, then the static stress changes from the foreshocks at the mainshock hypocenter will likely be consistent with the failure mechanism of the mainshock. For other geometries this need not be the case. Our stress-change observations are consistent with this view of foreshock generation.
If foreshocks are indeed a seismic manifestation of an aseismic nucleation process, then their distribution and kinematics provide constraints on the nucleation process. The distribution of foreshocks would provide information about the size of the nucleation zone and its relation to mainshock magnitude. There is debate about the size of the nucleation zone and whether it is large enough to be observable. Dieterich [1986] concludes that the radius of the nucleation zone will be too small to observe unless the critical slip displacement Dc is considerably larger for earthquake faults than for laboratory faults. Ohnaka [1992] models nucleation as taking place at a strength heterogeneity on the fault with the size of the heterogeneity controlling the size of the nucleation zone. In this model, strength increases with distance from the center of the nucleation zone, so that stable slip can occur within the nucleation zone. As slip progresses, the nucleation zone grows until a critical size is reached and dynamic rupture ensues. Ohnaka [1993] used foreshocks of the 1978 IzuOshima earthquake (MJMA = 7.0) to estimate the size of the nucleation zone. He found that the foreshock zone attained a size of 10 km and that it expanded with time, as required by his model. However, the foreshock sequence occurred entirely offshore, so that seismograph coverage was less than optimal. Many of the events were located kilometers off the inferred fault trace, so there is question about the accuracy of the estimate. Recent observations of the seismic nucleation phase [Ellsworth and Beroza, 1995] , if interpreted in terms of an aseismic nucleation process, yield a nucleation zone that scales with mainshock magnitude, and the size of that zone ranges from 600 to 6000 m for earthquakes with M W 6.5.
Assuming that the extent of the foreshocks provides at least a rough estimate of the size of the nucleation zone, we can compare our observations of foreshocks to specific predictions of the models just mentioned. A straightforward estimate of the foreshock zone size is given by the smallest rectangle that encloses all the hypocenters when they are projected on the mainshock fault plane. Kanamori [1978] and with modeling results by Dieterich [1992] showing that for faults with rate-and state-dependent strength, the earthquake nucleation process involves localization of slip to a subpatch, whose dimensions scale with the characteristic slip distance D c.
The reason why some earthquakes are preceded by foreshocks and others are not is still unknown, but fault zone heterogeneity may be an important factor. The idea that foreshocks are associated with fault zone heterogeneity goes back to at least Mogi [ 1963] , and there is considerable observational evidence for that association. For instance, Jones et al. [1982] concluded that the 1975 Haicheng earthquake (ML = 7.3) probably nucleated at an en echelon fault step. Jones [1984] showed that of seven California earthquakes with foreshock sequences, four were associated with fault zone discontinuities and the other three were possibly associated with fault zone discontinuities. Lindh et al.
[1978] observed a change in P/SV ratios between foreshocks and aftershocks for three California earthquakes that they attributed to a systematic change in stress or fault orientation in the source region. There is a strong inverse relation between depth of mainshock and foreshock sequence duration [Jones, 1984] , which was attributed to the increase in minimum compressive stress with depth. In a more recent study, Abercrombie and Mori[ 1995] observed a similar decrease in number of foreshocks with depth and a dependence on focal mechanism of the mainshock. They suggested that the inverse relation with depth was due, at least partially, to the decrease in crustal heterogeneity with depth.
We can investigate the relation between crustal heterogeneity and foreshock generation using the results of this study. If we use the deviation of the fault from simple planar structure as a measure of heterogeneity, we can look for a relation between the amount of deviation and the number of foreshocks. There are a number of potential pitfalls with this approach. For instance, our measure of heterogeneity will not account for all sources of strength and stress variations, there may not be enough foreshocks to define the geometry of the fault, the number of foreshocks recorded might be biased because of differences in network sensitivity, and the choice of temporal and spatial windows used to identify immediate foreshocks could bias the results. Thus any relation that emerges from this analysis must be regarded as being suggestive rather than definitive.
We think that differing network sensitivities are unlikely to have biased our results. The seventh row of Table 1 All the sequences analyzed in this study were chosen using a spatial window of 2 km radius. This radius is large enough to avoid not selecting a potential foreshock because of network location error and small enough to avoid including seismicity from most nearby faults. Our results are not very sensitive to increases in this parameter because the distance to the nearest active fault is much greater than 2 km in all cases.
We used a time window of 30 days prior to the mainshock in 
Summary
We have used high-precision relocations of the foreshock sequences of six California earthquakes to gain insight into the earthquake nucleation process. We find evidence that the foreshocks did not act to trigger the subsequent mainshocks by static stress changes. Of the six sequences, only one (Mount Lewis) had stress changes consistent with static stress triggering. The stress changes from the Upland foreshock sequence were probably too small (< 0.001 MPa) to have been important. For the remaining four sequences the Stress-change distributions indicated that the foreshock sequences acted to destress the mainshock hypocenters. These results are consistent with a model in which the foreshocks are incidental to a predominantly aseismic earthquake nucleation process. We find that the size of the nucleation region, measured by the extent of the foreshocks, scales with mainshock moment in the same manner as determined independently by measurements of the seismic nucleation phase [Ellsworth and Beroza, 1995] . Thus we now have two completely independent suggestions that a slow nucleation process precedes some earthquakes. We also find evidence for slip localization, as predicted by some models of earthquake nucleation [Dieterich, 1992] . Fault zone heterogeneity appears to be an important factor in the 
